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Structure and Function of HIV-1 Integrase: An Update
Thang K. Chiu* and David R. Davies*

NIH, NIDDK, Laboratory of Molecular Biology, Building 5, Room 338, Bethesda, MD
20892-0560, USA

Abstract: HIV-1 integrase is a multidomain enzyme which is required for the
integration of viral DNA into the host genome. It is one of three enzymes of HIV,
the others being the Reverse Transcriptase and the Protease. It is an attractive
target for therapeutic drug design. The enzyme consists of three domains. The N-
terminal domain has a His,Cys, motif which chelates zinc, the core domain has the
catalytic DDE motif which is required for its enzymatic activity, and the C-
terminal domain has an SH3-like fold which binds DNA nonspecifically. We
review the structures of various integrase fragments, the core domain with
inhibitors bound, and propose a model for DNA binding.

INTRODUCTION

HIV-1 integrase catalyzes the integration of the reverse transcribed viral DNA into the
host genome. It is an essential enzyme for the production of new virus. As one of the three
enzymes of HIV-1 it is an attractive target for chemical intervention.

The integration reaction is carried out in two steps: 3'- end processing and 3'- end joining
or strand transfer (Fig. 1a), which integrase alone can carry out. In the processing reaction
integrase removes the terminal GT dinucleotide from each of the viral DNA ends, leaving a
recessed CA with a free 3’ hydroxyl group and an overhanging 5°-AC on the
complementary strand. In the strand transfer reaction integrase cleaves the target DNA,
ligating both 3'-ends of the viral DNA to the 5' ends of the cleaved target DNA. Integrase
also carries out a third reaction, termed the disintegration reaction, which is the reverse of
the strand transfer reaction in which a substrate that mimics one end of the viral DNA joined
to the target DNA is cleaved into its viral and target DNA parts [1-4].

In vitro, 3° processing and strand transfer can be carried out in isolation. Recent data
indicating that ‘concerted integration’ is favored when the viral substrate is unprocessed [5]
suggests that 3’ processing and strand transfer must be coordinated in vivo for functional
insertion of both ends of the retroviral genome into the human genome. A viral substrate
whose 3’- end has been processed favors ‘half-site’ products where only one of the end is
inserted. In vivo, integrase is a component of the preintegration complex (PIC) which also
includes Reverse Transcriptase (RT) [6, 7], lens epithelium-derived growth factor (LEDGF)
[8], and barrier-to-autointegration factor (BAF) [9]. Integrase’s C-terminal domain
interacts with the fingers-palm domain and C-terminal half of the connection domain
of RT [10, 11] while its central core domain interacts with the highly conserved
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Fig. (1). (A) Catalytic steps involved in the insertion of viral DNA into the human genome. Viral
DNA is unshaded while target DNA is shaded in light grey. The left viral LTR is in bold while the
right viral LTR is not. The conserved CA dinucleotide is underlined. Arrows in the double
disintegration substrate show the 5° to 3” direction of each DNA strand. Integration of viral DNA into
the host genome results in the duplication of a few bases of the host genome. Underlined bases in the
integrated product indicate bases which are filled in by host repair enzymes. (B) Domain boundaries of
HIV-1 integrase as defined by protease digestion, functional complementation, and crystal structure
analysis.

eighty amino acid domain (residues 347 to 429) of LEDGF [12, 13]. Full-length LEDGF is
a DNA binding protein that appears to stimulate integrase’s DNA binding [14, 15] and
strand transfer activities [8]. In uninfected cells, BAF is involved in chromatin organization
and nuclear membrane assembly [16]. In vitro, it restores integration activity to MoMLV
[17, 18] and HIV [19] PICs exposed to high salt, and protects the MoMLV PIC from
autointegration (the suicidal insertion of the viral DNA back into itself) [18]. Each BAF
monomer contains two copies of the helix-hairpin-helix (HhH) nonspecific DNA binding
motif. The two pairs of HhH motifs are positioned on opposite sides of the BAF dimer
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where they makes nonspecific contacts with the sugar-phosphate backbone of DNA [20,
21]. This placement of DNA binding surfaces results in the sequence-independent
compaction of double-stranded DNA [18, 22, 23] which may in turn protect the PIC from
autointegration and facilitate the recruitment of target DNA.

Protease digestion and functional complementation studies show that HIV-1 integrase
contains three domains [24-27] (Fig. 1b), The N-terminal domain (1-50) binds zinc, the core
domain (50-212) contains the catalytic triad motif (D, D, 35E) characteristic of many
polynucleotidyl transferases, and the C-terminal domain (213-288) binds DNA
nonspecifically. The structures of each of these separate domains have been determined by
X-ray diffraction [28-37] or by solution NMR [38-42]. Structures also exist for the core
domain plus N-terminal domain [43] and for the core domain plus the C-terminal domain
[44-46]. However, there are at present neither structures for the complete integrase molecule
nor for integrase complexed with DNA substrate. There have also been structures
determined for a number of other retroviral integrase fragments.

In this review we shall describe the integrase structures and discuss the various
hypotheses relating these structures to the mechanism of action. For reasons of space we
will focus specifically on the HIV-1 enzyme.

1. STRUCTURE OF THE CATALYTIC CORE DOMAIN.

The core domain, residues 50-212, contains the catalytic triad motif D,D, 35E commonly
found in polynucleotidyl transferases. Substitution of any of the three catalytic residues
(D64, D116 and E152) in HIV-1 abolishes all three reactions [25, 47-49]. The core domain
alone can carry out the disintegration reaction [25, 47, 50-53], but both terminal domains are
required for 3’ processing and strand transfer [49, 50, 52, 54-57]. X-ray diffraction analysis
of the core domain shows it to consist of an o/} structure containing a five strand B-sheet
together with six o-helices (Fig. 2a). The monomer is structurally similar to RNaseH, MuA
transposase and RuvC resolvase [58-60]. Two core domains associate to form a two-fold
axis related dimer with a large solvent excluded interface of about 1400 A? per subunit. The
crystallization of the core domain was initially impeded by its poor solubility. A systematic
replacement of the hydrophobic residues resulted in a mutant, F185K, that had considerably
improved solubility and had as much activity for the disintegration reaction as the wild type
domain [61]. The full length protein with the F185K mutation carried out all three of the
catalytic actions of the wild type enzyme in vitro, showing no significant differences.
However this mutation was deleterious to the virion assembly in vivo [62, 63]; in contrast,
the F185H mutation has full activity and does not disrupt virion assembly in vivo [63]. With
the exception of four FI85H core structures [31, 34] this F185K mutation has been
preserved in all the HIV-1 integrase crystal structures.

The three catalytic residues of the core domain define the position of the active site (Fig.
2a). Several of the early structures, crystallized using cacodylate as buffer, showed some
distortions in the side chain positions in the vicinity of Aspl16 due to the reactivity of
cacodylate with Cys65. However, it has been demonstrated that the core domain in the
presence of cacodylate and reducing agent still retains disintegration activity [64].
Crystallization in the absence of cacodylate produced new crystal forms which could be
shown to bind one atom of Mg2+ [29, 31].

A number of structures now exist for the HIV-1 core domain (Table 1). In overall
topology these structures are all similar to the structure in Fig. (2a), yet there are differences
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Fig. (2). Individual domains of HIV-1 integrase are shown here, with secondary structures numbered
sequentially from the N-terminus. Blue numbers give the amino acid position of the beginning and end
of each secondary structure. The PDB assession number of the coordinate file is given above each
structure. Mg”" and Zn*" cations are shown in blue. N and C denotes the beginning and end of each
peptide fragment. (A) Catalytic core [65]. The flexible loop from residues 139 to 149 is shown in red,
with magenta showing residues which are missing in the model. Catalytic residues and residues which
have been shown to be crosslinked to integrase are depicted in ball-and-stick and are labelled in red
and black characters, respectively. (B) N-terminus [43]. This His,Cys, domain binds Zn* and is
involved in protein multimerization. (C) C-terminus [44]. The C-terminus from the core plus C-
terminal domains structure is shown here as well as the leading a-helix which joins it to the core
domain. This domain has an SH3-like fold and consists of two antiparrallel beta sheets and binds DNA
nonspecifically.

in detail. In particular there is a loop, residues 140-152 that is adjacent to the active site
region and is quite disordered in many of the structures and shows different conformations
in those structures in which it is ordered. The most likely explanation for these differences is
that this loop is flexible and only adopts a relevant conformation in the presence of DNA
substrate. It has been shown that the mutations G140A and G149A make this loop more
rigid but reduce the catalytic activity without impairing DNA binding [30].

Comparison with Other Core Domains

Crystal structures have been determined for several other retroviral integrase core
domains which have overall structures very similar to HIV-1 integrase. The ASV core
domain can carry out both the processing and disintegration reactions; however, the
processing reaction of this isolated domain produces a trinucleotide instead of a dinucleotide
[56]. The core domain of ASV has been extensively studied [32, 33, 35, 36, 66]. The
structure is generally very similar to HIV-1 integrase core, except in those regions that are
disordered in either of the two structures. The mode of dimerization is similar although not
identical. The solvent excluded surface area in the ASV dimer interface is 766 A’ per
monomer vs 1395 A? for the HIV-1 core, consistent with its lower association constant [32].
Comparison of the active site residues shows a difference in the side chain orientation of
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Table 1.  Published Crystal Structures of Various Fragments of HIV-1 Integrase

NDB Ref. Res. (A) Space Group Buffer & cation Loop residues missing

50-212, F185K

litg [28] 2.30 P3,21 cadodylate 141-153

1b9d [30] 1.70 P3,21 cadodylate 141-148
1692° [30] 2.02 P3,21 cadodylate 141-148

1b9f [30] 1.70 P3,21 cadodylate present

1biz [29] 1.95 P2,2,2; Hepes 140-148

1bis [29] 1.95 P1 Hepes A:143-150; B: present

1biu [29] 2.50 C2 Hepes, Mg A:141-147; B-C:141-148
1qs4 [65] 2.10 C2 Hepes, Mg A:141-144; B:141-142; C:141-143

50-212, F185H

1bi4 [31] 2.46 C2 Hepes A:141-150; B:140-149; C: present
1b13 [31] 2.00 C2 Hepes, Mg A:141-150; B:140-149; C: present
1bhl [31] 2.20 P3,21 cacodylate 138-153

2itg [34] 2.60 P3,21 cacodylate all present

52-210, CS6S, W131D, F139D, F185K

lexq [44] 1.60 P3, citrate, Cd 144-150, 142-150

1-212 'W131D, F139D, F185K

1k6y [43] 2.40 P4;2,2 acetate A-C:140-148; D:140-152

52-288 C56S, W131D, F139D, F185K, C280S

lex4 [44] 2.80 P3,2 citrate 142-144; 138-149

pH of acetate, citrate, cacodylate, and hepes buffer are 4.6, 5.6, 6.5, and 7.0 (1bis to 1qs4) or 7.5 (1bi4 and 1bl3), respectively. 1qs4
has SCITEP inhibitor. * 1692 and 1b9f also contain G149A and (G140A + G149A) mutations, respectively.

Asp64. As observed with HIV-1 [30], rigidification of the flexible loop (residues ~140 —
150 ), but at lower pH instead of with G140A/G149A mutation, correlates with lower
activity [66].

For the SIV core domain [45] the overall structure again resembles that of HIV-1 [28]
and ASV [32]. In the four different structures in the asymmetric unit the Glul52 adopts
several side chain conformations: it can point to and away from the Asp’s depending on the
conformation of the flexible loop. This loop is ill defined although Glul52 can be clearly
seen in all four cases. The position of the Ca.of Asp64 is the same in most but the side chain
varies.
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The crystal structure of an active two-domain derivative of RSV integrase has been
reported [46]. The core domain and dimer interface are similar to the previously reported
HIV-1, ASV and SIV domains.

In conclusion, these four different retroviral core domains are all quite similar in
structure, implying that these integrases almost certainly share the same mechanism of
action. Differences in the locations of the side chains of the active site residues and of the
conformations of the flexible loop are due at least partly to crystal packing, but most
probably to the absence of DNA substrate in the crystal structures.

2. Structure of the N- and C-Terminal Domains
The C-Terminal Domain

The C-terminal domain (213 — 288) is the least conserved of the three domains, binds
DNA nonspecifically, and with the exception of FIV [53], deletion of this domain abolishes
3’ processing and strand transfer activities [50, 52-54, 57, 67-69]. Two NMR studies on
solutions of domains consisting of residues 219-270 showed five antiparallel beta strands
which form a beta barrel and adopts an SH3-like fold [38, 39]. In both cases the domains
dimerize to form a symmetrical dimer. The two structures determined by NMR agree
closely with each other.

The crystal structure of a multiple mutant of the two domain HIV-1 integrase, residues
52-288 has also been determined [44]. This structure, together with the N-terminal domain
from the core + N-terminus structure [43] superimposed, is shown in Fig. (3a). The core
domain is similar to the other structures of the isolated core domain and the two-fold

Fig. (3). The two-domain structures of HIV-1, RSV and SIV are shown here with each monomer in its
own color. (A) HIV-1 (1-212) [43] and HIV-1 (50-288) [44] structures are superimposed to give a
possible model of full length integrase. This resulting model surprisingly has no severe steric overlap
of protein residues. (B) RSV (52-272) [46]. (C) SIV (50-293) [45]. The C-terminal domain is shown in
darker green because it could geometrically be linked to either the green or the gold core domains.

symmetrical dimer interface is the same. Two C-terminal domains are related to each other
by a 90° rotation relative to their two-fold axis and are connected to the core by helix a9,
which are asymmetric for each monomer. A kink in the helix exists at the proteolytically-
sensitive residue T210 on one of the monomer (Fig. 2a). The structure of the C-terminal
domain monomer is similar to the structures observed by NMR. The dimer interface
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however is quite different in each of the three dimers observed in this crystal. One, the most
similar to the NMR dimer, has the interface strands 9-B10-11 running in opposite
directions and has a CHAPS molecule in the interface contacting residues 1242 and W243.
Strands B9-B10-B11 also make hydrogen bonds and hydrophobic interactions with 0.9 of a
two-fold related molecule. The other two dimer interfaces observed in this structure are also
different from the NMR soluction dimer. These results imply that the interaction between
monomers can vary considerably and it is not at all clear what the preferred mode of
dimerization would be for the C-terminal domain in the intact molecule.

For the RSV and SIV structures of the core plus C-terminus shown in Fig. (3), the C-
terminus monomer is also similar to the HIV-1 monomer described above. In the SIV
crystals only one C-terminal domain is observed among the four in the asymmetric unit and
this interacts with a core domain to form a possible surface for DNA binding [45]. In RSV
the monomer is again very similar to that observed by NMR [46]. However in both crystal
forms of the RSV 49-286 the C-terminal domains dimerize asymmetrically and their
orientation relative to the core domain positions one of the domains much closer to the core
domain.

The segment connecting core and C-terminal domains is different among HIV-1, SIV
and RSV integrase: it’s a B-loop-o. in HIV-1, and loop-oi-loop in SIV and RSV. The o-helix
in HIV-1 (7 turns) is much longer than that of RSV (1 turn) and SIV (3 turns) and is kinked
in the middle in one of the two monomer in both of the noncrystallographically related
dimers. One of the C-terminal domains of RSV integrase does not contact its own core
whereas the other one does, possibly an artifact of crystal packing [43].

The N-Terminal Domain

The N-terminal domain (residues 1-50) of all retroviral integrases contains a His,Cys,
motif, is highly conserved among integrases of all retroviruses and eukaryotic
retrotransposons, and binds one equivalent of Zn>* [70]. Although the N-terminal domain is
required for 3' processing and strand transfer, its exact role in these reactions is not
understood. Deletion of this domain in RSV [67] and Visna virus [27] integrases has no
effect on 3’ processing. Deletion in RSV integrase also has no effect on strand transfer,
however, the virus can not replicate [67, 71]. Substitution of His12 and Hisl6 in RSV
integrase does not significantly impair 3 processing or strand transfer [72]. This is in
contrast to HIV-1 integrase, where both histidines are required for both activities [25].
Mutation of the two cysteines in the His,Cys, motif in HIV-1 integrase also affects 3’
processing and strand transfer [25]. With the exception of human foamy virus, integrase
lacking this domain can perform disintegration [68]. Zinc promotes multimerization and
enhances the catalytic activity of HIV-1 integrase [70, 73]. Although this domain is
involved in protein tetramerization in full length integrase, mutants lacking this domain can
still form tetramers. Each domain alone exists in monomer — dimer equilibrium in solution
[61, 74] while the full-length or C-terminal plus catalytic core exists in dimer — tetramer
equilibrium [62].

The NMR structure of the isolated N-terminal domain of HIV-1 and HIV-2 integrase in
solution has been determined by two groups [40, 42]. The structure is highly o-helical with
the monomer consisting of four helices (Fig. 4b). The upper region of the structure is
stabilized by a hydrophobic core while the lower region is stabilized by the Zn**
coordination. There is an equilibrium between two conformations that differ in their
arrangement around the Zn*". The domain exists as a dimer with a subunit interface that
excludes a solvent accessible area of ~550 A? per subunit.
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1K6Y

Fig. (4). Structures of the N-terminal domain determined by X-ray (green, 1K6Y) [43] and NMR
(gold, 1WJA) [40]. (A) Residues 19 — 43 of the two structures can be superimposed, with RMSD
values of 0.9A for backbone atoms. The main difference between the two models occurs in residues 9
— 19, which in the NMR structure results in the insertion of an o-helix between the first and second o~
helices of the x-ray model. (B and C) The dimerization interface in the NMR and x-ray structures is
completely different and involves residues F1, I5, P29, V31 and E35 in both structures and
additionally residues V32 in the x-ray and K34, Q44 and L45 in the NMR structures, respectively. The
backbone atoms of the four residues which chelate Zn** are rendered in ball-and-stick while those
which are at the dimerization interface are rendered in bonds. The Zn>" cation is shown as a ball in all
diagrams. Dashed lines show the ion coordination.

HIV-1IN (1-212)

The structure of the N-terminal plus core domains (residues 1-212) for an HIV-1 triple
mutant (W131D, F139D, F185K) has been determined [43]. The crystals contain four
monomers per asymmetric unit. The core domain forms the same dimer as observed
previously. The linker region joining the N-terminal and core domains (residues 47-55) is
disordered in all four structures. However there appears to be no ambiguity in the
assignment of the two N-terminal domains to the appropriate core domains. A pair of N-
terminal domains approximately share a pseudo two-fold axis with a pair of core domains to
form two nearly identical dimers within the asymmetric unit (Figs. 3a and 4c¢). The two-fold
axis in each dimer is only approximate and the angle between the N-terminal and core
domains for the two subunits differs by 15°.

The monomer structure of the N-terminal domain is very similar to the NMR structure of
the isolated domain (Fig. 4a). However, the dimer interface is again quite different. In the
NMR structure it is dominated by interactions between the third helix (Fig. 4b), but in the
crystal structure it comprises the first and third helices, with a much smaller dimer interface
(Fig. 4¢). The N—terminal and core domains are in contact, sharing a rather hydrophilic
interface of total area 900 AZ. However, this contact occurs between domains contributed
from separate dimers within the asymmetric unit, specifically residues 13 — 26 of the N-
terminal domain of one dimer and residues 150 — 196 of the core domain of another dimer.
The orientation of the N-terminal domain relative to the core is different by 15° between
monomers A and B, but this difference could be real, as it is conserved among AB and CD
dimers.
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The four monomers in the asymmetric unit, AB and CD are in contact and are related by
a noncrystallographlc two-fold axis. The AB and CD interface is considerable and buries
>1800 A* of molecular surface and consists of mainly polar residues (Lys14, GIn18, GIn44,
Lys160, GIn168, Lys186 & Lys188). It is tempting to regard this tetramer as physiologically
relevant. However, the authors note that gel filtration experiments at physiological salt
concentrations demonstrate that 1-212 is exclusively dimeric [62], raising the question of
whether this tetramer is functionally relevant.

3. METAL BINDING TO THE INTEGRASE ACTIVE SITE

Integrase requires Mn?" or Mg®" for catalytic activity [75]. Divalent metal ions have
been observed in several of the crystal structures of the core domains of HIV-1 and ASV
integrase [29, 31, 33, 35, 44, 65]. Mg®" binds to a single site in HIV-1 integrase, forming a
single bond each to a carboxgllate oxygen of Asp64 and Aspl16. ASV integrase has been
shown to bind Mn?" and Mg, and Ca*’ s1m1lar1y at a single site (Fig 5). However, both
Zn*" (which only supports 3’ processing) and Cd*" (which supports neither 3’ processing
nor strand transfer) have been observed to bmd at two sites, the second site involving Asp64
and Glu157 [35]. Mn®" and Mg®", but not Ca®", support 3” processing and strand transfer.

Cd

Ca
Nl -

'.

el e

Mg Native g157
el Uas

v D121 D64

Fig. (5). Cation coordination by active site residues of ASV integrase core domains [33, 35, 36]. The
side chain of E157 has the same conformation in the cation-free and single cation structures, but
coordinates an additional cation in the Cd** and Zn®" structure.

In the case of homologous structures such as RNaseH, which also require Mg** or Mn*"
for activity, the results in the absence of DNA are not clear. For the E. coll | enzyme it has
been shown that only one Mg " binds in cocrystals grown from a high Mg®" concentration
[58]. This metal binding site is located in a site similar to that in ASV integrase. However
crystalhzatlon of HIV-1 RNase-H with even quite low concentration (1mM) of Mn®" results
in two binding sites being occupied [76, 77]. It seems probable, based on the present
evidence that two metal ions will be bound, with the second being more tightly bound in the
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presence of DNA. This mode of binding has been clearly demonstrated in the case of TN5
bound to several DNA substrates [78-81], and more recently, of Bacillus halodurans RNase
H bound to an RNA/DNA hybrid [82]. From observations on the active site of the
endonuclease from the Klenow fragment of DNA polymerase Beese and Steitz proposed a
mechanism of action involving two Mg®" ions [83]. This mechanism has also been
demonstrated by the recent TN5 [80, 81] and RNase H [82] studies. Given the similarity of
these DDE motifs with retroviral integrase, the two-metal mechanism will likely apply to
integrase as well.

4. INHIBITORS OF HIV INTEGRASE

Integrase is an important target for anti- HIV-1 drug design. However, until now the
successful development of antiviral agents has primarily involved two enzymes: reverse
transcriptase and protease. Many inhibitors of integrase have been discovered, but they have
not yet been developed from lead compound to effective therapeutic agents [84-88]. A
recent review can be found in reference [89].

The inhibitors of HIV-1 integrase are quite diverse; they include nucleotides, diketoacids
[65, 90], polyamides [91], guanine quartets, among others. Of particular interest are the
diketo acid inhibitors studied by the Merck group [90, 92, 93]. These inhibit in particular the
strand transfer reaction. They bind only full length integrase, and apparently only when
integrase is associated with the ends of the viral DNA. Binding of the diketo acid inhibitor is
correlated with inhibition of strand transfer.

HIV-1 Core Plus 5-CITEP Structure

There is at present only one crystal structure of the core domain of HIV-1 integrase
bound to an inhibitor located centrally within the active site [65]. The inhibitor 1-(5-
chloroindole-3-yl)-3-hydroxy-3(2H-tetrazol-5-yl)-propenone (or 5-CITEP, Fig. 6a) has
some resemblence to the diketoacid inhibitors, but has a tetrazolium group instead of a
carboxylate. This inhibitor, introduced by soaking preformed crystals, binds to one of the
three active sites in the asymmetric unit, with only weak uninterpretable electron density at
the other two sites. The inhibitor is located between the active site residues Asp64, Aspl16
and Glul52 and is bound to the surface by a variety of hydrogen bonds between the
tetrazolium ring and neighboring amino acids (Fig. 6bc), some of which (Lys156 and
Lys159) have been identified previously [94] as being involved in DNA binding to the core
domain. The N1 atom of the indole is also within hydrogen bonding distance of GIn148,
which has also been shown to bind the 5’ adenine on the strand complementary to the
processed strand [95]. The Mg®" ion remains bound to the two aspartic acids in the presence
of the inhibitor. The active site at which the inhibitor binds is close to a crystallographic
two-fold axis and the inhibitor interacts with an identical inhibitor across this two-fold axis.
It is possible that this could affect the crystallographically observed mode of binding to the
active site. A computational docking analysis [96] supports the binding at the two sites
related by the two-fold axis, but the binding to an isolated domain is predicted to be
different from that observed in the X-ray analysis.

It is necessary to inject a word of caution here regarding the uniqueness of the integrase
as a target for these diketo compounds. Melek et.al. 2002 [97] have examined the effect of
these inhibitors on the RAG1/2 recombinase associated with VDJ recombination, an
enzyme system that carries out reactions that are very similar to those of HIV-1 integrase.
They observed that both the diketoacid, L-708.906 [92], and 5-CITEP were capable of



Structure and Function of HIV-1 Integrase Frontiers in Medicinal Chemistry, 2006, Vol. 3 11

2 N155
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Fig. (6). (A). The inhibitor 5-CITEP. (B) The contacts between the inhibitors related by the
crystallographic two-fold axis and the side chains of amino acid residues at the active sites. (C) Stereo
image of the inhibitor in one of the monomer. Contacting side chains are shown in cyan, with
magnesium in purple and asp64 and asp116 in pink. Figure from reference [65].

inhibiting RAG1/2 reactions, although by about a factor of ten less than their effects on
HIV-1 integrase. It will therefore be necessary in the future, when looking for inhibitors of
integrase with therapeutic potential, to assay their effect on the RAG1/2 recombinase in
order to avoid potentially deleterious side effects. However, it should be noted that these are
two lead compounds and that the development of more specific inhibitors designed
specifically for integrase will probably result in a much greater difference in affinity to
related enzymes such as the RAG1/2 recombinase.

Structural Studies on Two Other Inhibitors of Integrase

A crystal structure has been reported for HIV-1 integrase complexed with the inhibitor
dihydroxyphenyltetraphenylarsonsium [64]. Tetraphenylarsonium, a much poorer inhibitor,
binds to the same site. The binding site is located distant from the active site at the interface
between the two monomers of the core domain dimer. There is also contact with a side
chain from a third crystallographically related monomer subunit, raising the possibility that
binding at this site might be due to crystal packing factors. Binding of the inhibitor to these
trigonal crystals which were grown in cacodylate buffer resulted in a displacement of the
covalently bound arsenic atom linked to Cys635, causing it to swing out of the hydrophobic
pocket by 3A.

The second study has the inhibitor 4-acetylamino-5-hydroxynaphthalene-2,7-disulfonic
acid bound to ASV integrase [98]. The inhibitor, originally identified in a screen for
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inhibitors of HIV-1 integrase, also inhibited ASV integrase. This inhibitor binds to the core
domain of ASV integrase, not too distant from the active site, but on the other side of the
flexible loop. The inhibitor interacts with a second integrase molecule across a two-fold
axis, again raising the possibility that crystal packing plays a role in the binding.
Comparison of the amino acid residues making contact with the inhibitor with those in HIV-
1 integrase indicates that comparable binding of the inhibitor to the HIV-1 enzyme is
possible.

Oligonucleotide Inhibitors

Inhibition of both 3' processing and strand transfer occur with either unmodified or
modified oligonucleotides, reviewed in reference [87]. Although nonviral oligonucleotides
can inhibit 3’ processing, DNA containing the viral U5 sequence can inhibit 3’ processing to
a stronger extent. For example, the ICsy for the 3 processing of a 21mer U5 DNA is 4nM
whereas that of deoxy(T:A),; is only 320 nM, or 80 times weaker [99]. DNA containing a
nonhydrolyzable group at the terminal AG base step also inhibits 3’ processing with
nanomolar ICsy [100, 101] whereas single-stranded DNA of the same sequence has a ten
fold weaker inhibition [99]. Shorter sequences, especially mono- and dinucleotides inhibit
activity at the micromolar to sub-millimolar range [85, 99, 102]. See [103] for a review of
oligonucleotide inhibitors.

Polyamide Inhibitors

Polyamides or lexitropsins consisting of contiguous pyrrole rings are compounds which
bind the minor groove of B-DNA at AT-rich sequences [104]. Derivatives in which the
pyrrole ring has been replaced with one containing an imidazole can bind to GC-containing
sequences [104, 105]. In addition polyamides containing other substitions and which are
conformationally restrained by covalent crosslinking to bind the DNA minor groove as
dimers, can in principal be designed to read any DNA sequence [106-111]. However, the
degree of specificity required for a drug to bind only viral DNA and not the 10° bases of the
human genome (a one in a billion binding is equivalent to recognizing a stretch of 15 bases)
is currently not obtainable, in part because the readout of the DNA bases gets out of register
with the DNA helix after about seven base pairs [112, 113].

HIV-1 viral DNA has a seven nucleotide stretch of AT-rich sequence ~10 bases away
from each LTR end that presents a target for AT-reading polyamides. The ICs, for the 3’
processing reaction of distamycin A (which has three pyrrole rings) and polyamides
containing four thiazole rings are 3.5 and 0.3 M, respectively [91]. Bis-distamycin
derivatives inhibit 3’ processing, strand transfer and disintegration to a stronger extent, and
inhibit HIV-1 replication at ~0.1mM concentration [114]. These polyamides, in particular
have been shown to inhibit reverse transcriptase in vitro [115].

G-Quartets

Oligonucleotides forming G quartets have been shown to inhibit the integrase reactions
in vitro with 1Csy values approaching the nanomolar range [116, 117]. The NMR solution
structure of one such quartet, 93del (d(GGGGTGGGAGGAGGGT)), adopts a stable
dimeric stacked all-parallel structure which the authors proposed to bind at the dimer-dimer
interface in the structure of the N-terminal plus core domains (residues 1 — 212) of integrase
[118]. Some of these G quartet sequences also interfere with virus cell binding and viral
entry, and this has been interpreted as binding to GP120 [119, 120].
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Peptide Inhibitors

Peptide inhibitors of integrase have been obtained by a yeast two-hybrid system
(YQLLIRMIYKNI, which interacts with the catalytic core of integrase and prevents it from
interacting with viral DNA [121]), phage display (FHNHGKQ, which interacts with the C-
terminus of integrase and inhibits strand transfer [121, 122]), synthetic peptide
combinatorial library (HCKFWW, which interacts with the catalytic core of integrase and
inhibits disintegration [123]), and from small peptide fragments from other proteins which
interacts with integrase, such as RT (see [124] for a review of peptide inhibitors).

5. INTEGRASE — DNA INTERACTIONS

Current experimental evidence from photocrosslinking and complementation studies
suggest that all three protein domains interact with DNA: the N-terminal domain is in close
proximity to target DNA 5’ to the site of integration [125], the core domain interacts with
terminal bases of viral LTR ends [75, 94, 95, 125-131] and target DNA flanking the joined
site of integration [132], and the C-terminal domain interacts with bases distal to the
terminal bases of the LTRs [94, 95, 125]. Futhermore, complementation studies of domain
fragments of HIV-1 and Visna virus [57] integrases, which share about 31% sequence
identity, suggests the N-terminal domain is not involved in determining substrate specificity
for 3’ processing and strand transfer [27]. In particular, the first 26 residues of RSV and
HIV-1 integrase, which includes the first two histidines in the His,Cys, motif, are not
required for DNA binding [24, 131].

Functional activity in HIV-1 integrase requires a DNA ending with the sequence CAGT.
Adding nucleotides to the 3' end of this sequence severely reduces 3’ processing [133].
Also, substitution of nucleotide analogs that strengthen the hydrogen bonding between the
plus and the minus strand decreases 3' processing activity, while those which weaken or
disrupt base pairing in the vicinity of the CA dinucleotide increase activity [131, 134-136].
Complementation and crosslinking data also suggest the N-terminal domain acts in trans to
the core domain containing a functional active site [52, 57, 126, 137], while the C-terminal
domain can be in cis [57] or trans [47, 57, 126, 128] to the core domain. In addition, viral
DNA is bound in trans to an active core domain.

Although the 3’ processing and strand transfer activities of retroviral integrase are
sequence-specific for the proximal part of the viral LTR end [94, 127, 130, 138], the binding
of integrase to DNA is not [131, 139, 140]. Consistent with this are: mutant LTR substrates
which are cleaved inefficiently can still be crosslinked to integrase [130] and inhibit
processing of wild type substrate [127]; and integrase’s protease cleavage pattern is the
same when it is bound to either U5 or non-US5 substrate [141]. Although integrase can bind
both single-stranded and double-stranded DNA, the particular interactions appear to be
different, as single-stranded DNA, but not double-stranded DNA, when bound to integrase
is susceptible to phosphodiesterase cleavage [140]. Binding of integrase to US LTR DNA is
also cooperative, weaker at higher salt concentration, better with Mn®" than with Mg, and
stoichiometrically requires at least four integrase monomers per DNA duplex [140]. For a
21bp DNA, this integrase/DNA/cation complex is also more stable and more resistant to
phosphodiesterase cleavage and EDTA inhibition in the presence of Mn®" than in the
presence of Mg®" [131, 140]. However, this metal preference is less for a 35mer, and
divalent cation is not required for longer sequences [131]. The metal preference is most
likely caused by the greater stability of the integrase/DNA/cation complex with Mn**
because the rate of cleavage is similar for both cations [140].
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Fig. (7a) summarizes the experimental data on protein and DNA residues which have
been implicated by crosslinking or mutagenesis to be involved in integrase — DNA

K136 crosslinks top strand
A) in decreasing amount [131]
1

247-270195] Kypel131] Kypq,Ky5e[94]
13 11 9 T 5 3 1

AAATCTCTAGCeAGT

TTTAGAGAT C°GeT°C A

-13 -11 -9 1 5 -3 1

Epqg[128]  51-64 Q4 ¥;45[95]

B) Tn5

Fig. (7). (A) Protein residues or peptide fragments which crosslink (blue) or interact (green; suggested
by effect on activity) with linear HIV-1 U5 DNA. Sugar phosphate backbone where ethylation of
HIV-1 U3 or U5 LTR substrate interferes with strand transfer activity are represented by circles [129].
Numbers in brackets gives reference for original data. (B) Stereo image of Tn5 transposase with DNA,
showing a closeup of the active site of the complex before hairpin formation (1IMUS, unpublished).
Backbone atoms of active side residues are in red while other residues which interact with DNA are in
blue or grey. Each DNA strand is shown in different color. Small gold and blue balls represents Mn?*
and its coordinated waters, respectively. Hydrogen bonds are represented by solid gold lines. (C)
Stereo image of a possible model of HIV-1 integrase with DNA before 3 processing, generated using
data in (A) and mirroring the Tn5 transposase — DNA and B. halodurans RNase H — RNA/DNA
hybrid (1ZBlI, [82]) structures. The protein flexible loop is shown in red.
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interactions. These data, along with the observation that mutation of bases 3(+) — 6(+)
decrease 3’ processing and abolish strand transfer activities while mutation of bases 7(+) —
13(+) has no effect on either activity [127, 130], suggest that residues within the catalytic
core are responsible for sequence-specific recognition of the last six base pairs of viral LTR
ends while residues within the C-terminal domain are responsible for nonspecific binding of
more distal bases. In particular, interactions between the distal nonconserved bases and the
C-terminal domain may be responsible for correctly positioning and orientating the viral
DNA so that the conserved bases (1 to 6) can be recognized by specific residues of the core
domain and catalysis can occur. Indeed, integrase without a C-terminal domain does not
have 3’ processing and strand transfer activities, presumably because it can not correctly
position and orient the viral LTR ends at the active site. However, when the viral DNA ends
have been correctly prepositioned, such as with a disintegration substrate, catalysis can
occur without the C-terminal and N-terminal domains.

The crystal structure of Tn5 transposase bound to a specific recognition sequence is
shown in Fig. (7b, PDB 1MUS, unpublished). Although transposition with Tn5 transposase
involves a covalent hairpin intermediate instead of the two step pathway of retroviral
integration, these two processes are mechanistically similar enough so that the Tn5
transposase — DNA structure can be used as a starting point for modeling retroviral integrase
— DNA interactions. The DNA substrate used in the Tn5 study has a blunt end but in the
structure the last two bases of each strand are unpaired. The last two bases of the strand
with the free 3° hydroxyl group (magenta) have the normal B-DNA conformation while the
last two bases of the complementary strand (red) are looped out. In this conformation the
phosphate group of the looped out strand (base C1) is in position for nucleophilic attack by
the free 3 hydroxyl of base G20, which is activated by the first metal cation Mnl. This first
cation is hexa-coordinated by the 3’ hydroxyl of G20, the carbonate oxygens of Glu326, a
carbonate oxygen of Asp97, a phosphate oxygen of C1, and a water molecule. The second
metal cation Mn2 is also hexa-coordinated: two oxygens from the phosphate group of Cl,
one each from the carbonate oxygens of Aspl18 and Asp97, and two from water molecules.
The first aspartate of the DDE motif, Asp97, chelates both cations. The DNA is held in
place by protein residues Arg210, Tyr237, GIn243, Lys244, Asn255, Trp298, Tyr319,
Arg322, Trp323, Lys330, Lys333, and Thr334.

The core domain of HIV-1 integrase can be superimposed onto corresponding residues
of Tn5 transposase, and this is shown in Fig. (7¢). Residues Lys156 and Lys159, and
residues Tyrl43 and GInl148, which have been shown to crosslink base A(+3) and A(-1),
respectively [94, 95], are used to position the viral US DNA in a similar orientation at the
active site. Lys156 and Lys159 of HIV-1 integrase are equivalent to residues Lys330 and
Lys333, respectively of TnS transposase. The phosphate group of A(+3), which is one base
upstream of the cleaved phosphodiester bond, is placed in the general vicinity of the
phosphate ion observed in the N-terminus plus core domain structure [43]. The four
terminal bases of the complementary strand (bases —1 to —4), are looped out in a manner
similar to that of Tn5 transposase, and the A(-1) base is modelled as being sandwiched in
between residues Tyr143 and GInl48. This interaction reflects both crosslinking data and
mutagenesis data [95]. Removal of the 5 AC overhang and the Q148L mutation of
integrase both destabilize integrase — DNA complexes [75, 135]. Deletion of the 5> AC
overhang results in inhibition of strand transfer activity by polylysine [75].

In this model of the active site in a 3’ processing mode, one of the coordinated water
molecule of the second metal cation (Mn2) is the nucleophile which attacks the phosphate
group of G2, thereby breaking the O3* — P bond of A3 — G2. The configuration of the metal
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cations is adapted from both the previously cited Tn5 structure and the recent structure of B.
halodurans RNase H bound to an RNA/DNA hybrid [82]. In both studies, the first aspartate
of the DDE motif chelates both metal cations. The placement of the DNA minor groove
towards integrase is also based on these two studies, and is consistent with recent data
which suggests that the DNA is oriented with the minor groove facing integrase: a minor
groove benzo[a]pyrene diol epoxide deoxyguanine adduct at positions G(-4) and G(+5) have
diminished 3’ processing and strand transfer activities [142]. However, the model does not
explain the basis for the CAGT base sequence specificity. That explanation awaits an actual
integrase — DNA structure! In addition, although this end of the viral LTR can be reasonably
modelled at the active site, how the other end interacts with integrase is unclear without a
structure of full length integrase. As indicated earlier, the C-terminus acts in trans to the
catalytic core but how this is structurally achieved is unclear. Similarly, it is not clear how
target DNA is arranged in the integrase — DNA complex, although chimeras of HIV-1 and
FIV integrases suggest the core domain is involved in target site selection [27, 143].

CONCLUSION

As we have attempted to show in this review, there is now a considerable structural
database for HIV-1 integrase. Structures exist for each of the three domains of the molecule,
and for two two-domain constructs, however, more information is needed. We do not have a
structure for the whole molecule either with or without DNA substrate, and a detailed
structural model for the catalytic mechanism of integration is still not available. The three
structures of inhibitor bound to HIV-1 integrase are insufficient to provide a satisfactory
database for lead compound development into therapeutic drugs. Much progress has been
made but there is still much to be learned.

In recent developments, a diketo-like compound (L-870812) which selectively inhibit
strand transfer activity has been shown to suppress viraemia in rhesus macaques infected
with SIV, with chronic treatment selecting for viruses with an N155H substitution in
integrase [144]. In addition, a related compound (L-870810), as well as a Shionogi
derivative (S-1360, [145]), have entered clinical trials.
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